The purpose of the current study was to create a multidirectional glenohumeral instability model and compare anterior capsulolabral reconstruction with inferior capsular shift with respect to their effects on glenohumeral translation and rotational range of motion. Ten fresh frozen cadaveric shoulders were used with a custom shoulder translation testing jig. To create the multidirectional instability model the capsule was stretched an additional 20% from the initial rotational range of motion in apprehension and neutral positions. Shoulders were repaired using anterior capsulolabral reconstruction (n = 5) or an inferior capsular shift (n = 5). Anterior, posterior, inferior, and superior translations were measured along with the rotational range of motion for intact, stretched, and repaired conditions. All specimens showed increased translations and rotations after stretching. Both repair techniques significantly reduced anterior, posterior, and inferior translation. The inferior capsular shift was more effective in reducing inferior translation in the apprehension position; however, postoperative rotational range of motion was restricted significantly when compared with anterior capsulolabral reconstruction, and posterior subluxation of the humeral head was seen in all specimens. These results indicate that a vertical capsulorrhaphy with a medial to lateral shift of the glenohumeral capsule, as in the inferior capsular shift repair, significantly reduces rotational range of motion when compared in vitro with the horizontal shift of the anterior capsulolabral reconstruction.
The purpose of the current study was to create a multidirectional glenohumeral instability model and compare anterior capsulolabral reconstruction with inferior capsular shift with respect to their effects on glenohumeral translation and rotational range of motion. Ten fresh frozen cadaveric shoulders were used with a custom shoulder translation testing jig. To create the multidirectional instability model the capsule was stretched an additional 20% from the initial rotational range of motion in apprehension and neutral positions. Shoulders were repaired using anterior capsulolabral reconstruction (n = 5) or an inferior capsular shift (n = 5). Anterior, posterior, inferior, and superior translations were measured along with the rotational range of motion for intact, stretched, and repaired conditions. All specimens showed increased translations and rotations after stretching. Both repair techniques significantly reduced anterior, posterior, and inferior translation. The inferior capsular shift was more effective in reducing inferior translation in the apprehension position; however, postoperative rotational range of motion was restricted significantly when compared with anterior capsulolabral reconstruction, and posterior subluxation of the humeral head was seen in all specimens. These results indicate that a vertical capsulorrhaphy with a medial to lateral shift of the glenohumeral capsule, as in the inferior capsular shift repair, significantly reduces rotational range of motion when compared in vitro with the horizontal shift of the anterior capsulolabral reconstruction.
Multidirectional glenohumeral instability was described first by Neer and Foster 29 in 1980. Unlike unidirectional instability, involving instability in only one direction, multidirectional instability involves instability in multiple directions, coupled with excessive capsular redundancy, primarily inferiorly. 26, 29 Many patients affected by multidirectional instability have an atraumatic onset and often include patients participating in sports accompanied by repetitive overhead activities, such as baseball, gymnastics, or swimming. 22 Although the symptoms of multidirectional instability have been identified, the etiology of multidirectional instability has remained elusive. Investigators have studied the factors that may contribute to multidirectional instability including bony and labral stabilization, muscular control, ligamentous stabilization, and biochemical abnormalities. 4, 13, 16, [18] [19] [20] 24, 34, 36, 39 Consequently, advances in the treatment of multidirectional instability have not paralleled those made for unidirectional or traumatic instability. 38 One reason for this may be because of the complexity of classifying multidirectional instability as reported by Cofield No studies have attempted to create a multidirectional instability model to examine the effects of common surgical procedures done for multidirectional instability. Several studies have focused on capsular biomechanics, and have defined the roles of the inferior and superior glenohumeral ligaments. 7, 31, 32, 33, 40 Other studies have recreated the Bankart lesion 2 in vitro, and examined its role in causing glenohumeral instability. 36 Finally, cadaveric studies have compared anterior stabilization techniques for unidirectional instability, but have focused on no other parameters. 28, 37 The surgical treatment for multidirectional instability has focused on reducing redundant capsular volume by doing an inferior capsular shift. Clinical results have included studies with relatively short followups, 12, 14, 22 and do not approach the results for traumatic or unidirectional instability. Moreover, the results for athletes who participate in overhead activities, specifically throwers, have been disappointing at best. 1, 12 Given the good surgical results using anterior capsulolabral reconstruction in throwers with underlying anterior instability, 21 this procedure has been adopted for surgical treatment of multidirectional instability when the primary direction is anterior or anteroinferior. Anterior capsulolabral reconstruction is a glenoid-based capsulorrhaphy, whereas inferior capsular shift is humeral or laterally based. The purpose of the current study was to create a cadaveric multidirectional instability model, and to biomechanically compare the effects of anterior capsulolabral reconstruction with effects of inferior capsular shift on glenohumeral translation and rotational range of motion (ROM).
MATERIALS AND METHODS
Ten fresh frozen cadaveric shoulders were used. The average donor age was 42 years (range, 26-53 years). None of the shoulder specimens had evidence of joint disease. Each specimen was dissected to an intact glenohumeral capsule. The tendinous insertions of the rotator cuff were left intact, and were transected where they became confluent with the glenohumeral capsule. The specimens were kept moist throughout the experiment with normal saline.
A custom shoulder translation testing jig was created to measure glenohumeral translation and rotation in multiple planes. The jig allowed six degrees-of-freedom for positioning the glenohumeral joint (Fig 1) . Two translation plates, one allowing for anteroposterior (AP) and the other superoinferior translation were fixed to the base of the jig. The plates could be locked independently so that pure AP or superoinferior translation could be measured. The scapular box was mounted onto a bearing and lever arm system attached to the top translation plate that allowed for application of a joint compressive load. The humeral cylinder was attached to the top arc of the jig. The angle of the arc could be adjusted creating various degrees of shoulder abduction. The humerus could rotate 3608 and be positioned along any point of the arc simulating horizontal abduction or adduction.
The scapular body was trimmed to the appropriate size for potting in a scapular box with plaster (Fig 2) . The AP and superoinferior planes 
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Remia et al of the glenoid were identified by palpating the edges of the glenoid while the humeral head was distracted out of the glenoid. The glenoid was positioned parallel to the top of the scapular box in the AP and superoinferior planes and potted using plaster of Paris. After the experiment, the specimen was dissected to verify that the glenoid surface was placed in the correct position with respect to the scapular box. The humerus was transected 2 cm below the deltoid tuberosity for potting in polyvinyl chloride pipe with plaster of Paris. The shoulder specimen then was mounted in the shoulder jig. A compressive load of 22 N was applied perpendicular to the glenoid. This compressive load allowed the glenohumeral joint to find its anatomic neutral position.
Humeral rotational ROM and glenohumeral translations were measured in two positions, apprehension (908 shoulder abduction and 908 external rotation with the humerus in the scapular plane with respect to horizontal abduction) (Fig 1) and a neutral position (08 abduction and neutral rotation with the humerus in the scapular plane with respect to horizontal abduction) (Fig 2) . To simulate 908 external rotation, the humerus was rotated externally until the bicipital groove was aligned with the anterior edge of the acromion.
This definition was used in previous studies as the reference position for 908 external rotation of the humerus. 23, 38 Neutral humeral rotation was defined as 908 internal rotation from the position for 908 external rotation of the humerus. The humeral rotation used for the apprehension and neutral positions was recorded to accurately reposition the shoulder specimen throughout each phase of the study. Measurements were recorded for intact, stretched, and repaired specimens in the apprehension and neutral positions (Fig 3) .
Rotational ROM was quantified using a 3608 goniometer attached to the top of the testing system. The degree measurements of the goiniometer were inscribed on a stationary circular plate in 18 increments, making the precision of the measurement 0.58. The goniometer was attached by a rotational bearing to a rotating circular plate linked to the aluminum cylinder that secures the humerus. As the humerus was rotated from maximum internal to maximum external rotation, the amount of rotation could be measured based on a reference point on the rotating plate with respect to the goniometer.
Glenohumeral translations in the anterior, posterior, superior, and inferior directions were measured with a three-dimensional digitizing system, the Microscribe 3DLX (Immersion Corporation, San Jose, CA). The accuracy of the device was determined to be 0.30 mm. To measure translation, first a reference plane and coordinate system were defined (x: anteroposterior, y: superoinferior, z: compression-distraction). A predetermined point on the baseplate of the glenoid side of the testing jig was measured with the humeral head centered in the glenoid. Because the glenoid translates with respect to the humeral head, a translational load was applied in the direction opposite the direction being measured. For example for anterior humeral head translation a posterior translational load was applied to the glenoid. The same point then was digitized again after applying the load. The translation was calculated as the change in the coordinates from point 1 to point 2.
Intact
Before testing, the glenohumeral joint was vented with an 18-gauge needle and then lubricated with 1 cc normal saline in each position. The rotational ROM was determined for each specimen after preconditioning the capsular ligaments in external and internal rotation for 10 cycles with a constant torque of 1.1 N-m. This preconditioning process minimized the viscoelastic effects of the soft tissues. The humeral rotational ROM was measured using the same torque of 2.2 N-m in each direction. Preconditioning for glenohumeral translation measurements was done by applying 10 N force in each direction before measuring the translation 10 times. Glenohumeral translations then were measured with 15 N and 20 N of force applied in each direction. 23, 38 Two trials were recorded for each translational load and the average of the trials was used for comparison.
Stretch
Multidirectional instability commonly is associated with laxity in the anterior, posterior, and inferior directions. To create the multidirectional instability model the glenohumeral capsule was stretched in the apprehension and neutral positions. Stretching in the apprehension position isolated the inferior glenohumeral ligament and stretching in the neutral position isolated the anterior and posterior capsular ligaments. Specifically, the glenohumeral capsule was forcibly stretched 10% beyond the internal and external maximum humeral rotation in the apprehension and neutral positions. A 10% increase in maximum humeral rotation was achieved by forcibly stretching the anterior capsule in external rotation using subfailure strains of the capsular tissues. This was accomplished by incrementally increasing the torque for the humeral rotation for 1 minute and then relaxing for 30 seconds until the targeted humeral rotation was reached. The humerus was secured in this position for 30 minutes to achieve capsular stretching. The capsule then was stretched in the opposite direction using the same technique. The shoulder was positioned in the neutral position and stretched in the same manner. Through a pilot study of six shoulders it was determined that this stress relaxation model allowed adequate permanent deformation of the glenohumeral ligaments to create multidirectional instability. The rotational ROM and glenohumeral translation measurements were repeated as described for the intact condition.
Repair Stretched shoulders were repaired using anterior capsulolabral reconstruction (n = 5) or inferior capsular shift (n = 5). The anterior capsulolabral reconstruction and inferior capsular shift repairs were done by two surgeons (LFR and RVR, respectively) each of whom was trained extensively to do that repair technique. Two surgeons were used to compare the techniques of these two repairs and to eliminate bias toward one type of repair. Also, to compare the complete surgical repair technique the shoulders were positioned as they would be in a clinical surgical setting for each repair. All repairs used three BioFASTak suture anchors (Arthex, Naples, FL) to decrease the chance of soft tissue failure. After the repair, rotational ROM and translation measurements were repeated as described previously.
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Anterior Capsulolabral Reconstruction
The anterior capsulolabral reconstruction was done as described by Kvitne et al. 21 A horizontal capsulotomy was made at the junction of the middle and lower thirds of the glenohumeral joint. The BioFASTak suture anchors were placed at the 2 o'clock, 3:30, and 5:30 positions for a right shoulder (corresponding positions were used for a left shoulder) along the glenoid rim. The glenohumeral joint was placed in 608 abduction and 608 external rotation before repair. The inferior capsulolabral tissue was advanced superiorly and secured with the inferior two anchors using horizontal mattress sutures. Similarly, the superior flap was pulled inferiorly and secured to the superior anchor. The remaining capsular split was imbricated with 1-cm overlap using horizontal mattress stitches with Number 2 Ethibond (Ethicon Inc, Somerville, NJ). The rotator cuff interval was not addressed.
Inferior Capsular Shift
The inferior capsular shift was done as described by Neer and Foster 29 with one modification-the use of BioFASTak suture anchors placed into the humeral head at the 2 o'clock, 3:30, and 5:30 positions for a right shoulder (corresponding positions were used for a left shoulder). Suture anchors were used to ensure a stable and consistent repair for each specimen. The rotator cuff interval was closed with two interrupted Number 2 Ethibond sutures with the shoulder placed in 208 external rotation and 08 abduction. This commonly is done for patients with multidirectional instability to eliminate the inferior instability. A vertical capsulotomy then was created along the lateral humeral neck. The dissection proceeded inferiorly until the redundant inferior pouch was reduced sufficiently by pulling up on the traction sutures placed in the capsule, extruding the surgeon's index finger from the redundant inferior pouch. Each specimen required dissection past the 6 o'clock position on the humeral neck.
There was no evidence of labral detachment in any of the specimens. The capsule then was split in a T-fashion almost to the labral insertion. The glenohumeral joint was placed in 138 abduction (simulating 208 shoulder abduction) and 308 external rotation. The suture anchors were placed in the appropriate position. Next, the inferior flap was pulled superiorly, reducing the inferior capsular pouch and secured with horizontal mattress sutures to the two inferior-most anchors. The superior flap then was pulled inferiorly over the inferior flap and secured to the two superior suture anchors. The remaining medial portion of the capsule was repaired with an imbricating Number 2 Ethibond suture in a horizontal mattress fashion.
ANALYSIS OF DATA
A repeated measures analysis of variance and Student's t test were used to analyze the data for each repair technique. The p value was set to 0.05.
RESULTS
Intact Versus Stretched Capsule
To verify the multidirectional instability model, the intact to stretched data for the 10 specimens were averaged. There was a significant increase in rotational ROM and translation after stretching the glenohumeral capsule in the apprehension and neutral positions. The increase in total rotational ROM was 338 ± 2.68 (mean ± standard error of the mean) and 238 ± 1.78 in the apprehension and neutral positions, respectively. The increase in translations for the 15 N and 20 N translational loads is shown in Table 1 and in Figure 4A for the apprehension position and Figure 4B for the neutral position. For the averaged intact and stretched data from both repair groups (10 specimens), a statistically significant increase was found for all translational directions for either the 15 or 20 N translational load (p < 0.05) confirming that a multidirectional instability model was created.
The specimens were divided into two groups for the two types of repair, with a sample size of
five specimens in each group. There was a statistically significant increase in rotational ROM between the intact and stretched conditions for each repair group (p < 0.05, inferior capsular shift stretch group; p < 0.05, anterior capsulolabral reconstruction stretch group). The increase in translation between the stretched conditions for each type of repair and their statistical significance are shown in Table 2 for the apprehension position and Table 3 for the neutral position.
Stretched Versus Repaired Capsule
Translational Effects
The differences in translation between the intact and stretched conditions (separated for each repair group), the stretched and repaired conditions, and the intact and repaired conditions for the apprehension position are shown in Table 2 and for the neutral position in Table 3 . Both repairs resulted in decreases in translation with anterior translation in the neutral position for the anterior capsulolabral reconstruction repair being the only exception.
The inferior capsular shift significantly limited inferior translation when compared with anterior capsulolabral reconstruction (p < 0.05) for the apprehension position (Fig 5A) . There were no other significant differences seen between the two groups. Similar trends were seen for both translational loads, therefore the graphic (Fig 5B) . There were no other significant differences seen between the two groups. The inferior capsular shift consistently resulted in posterior glenohumeral subluxation when the shoulder was placed in the apprehension position (Fig 6) . After the inferior capsular shift the change in the anatomic neutral position, when measured after applying the compressive load, was 6.3 ± 3.8 mm in the posterior direction. The anterior capsulolabral reconstruction in comparison had a posterior shift from the anatomic neutral position of only 0.5 ± 0.9 mm when the shoulder was placed in the same position.
Rotational Effects
After capsulorrhaphy a decrease in total rotational ROM was seen for both repair groups. The inferior capsular shift had a rotational ROM of 1088 ± 88 and 1278 ± 98 for the apprehension and neutral positions, respectively. The anterior capsulolabral reconstruction group had a rotational ROM of 1378 ± 88 and 1388 ± 128 for the apprehension and neutral positions, respectively. In the apprehension position, the mean loss of total rotation between intact and repaired specimens was 108 ± 1.48 for the anterior capsulolabral reconstruction group and 378 ± 6.78 for the inferior capsular shift group (p < 0.05). Additionally, three of the 
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Remia et al five shoulders in the inferior capsular shift group were unable to be placed in the apprehension position after the repair. These shoulders lacked an average of 128 (range, 78-178) from obtaining 908 external rotation. There was no statistical difference in rotation when comparing the intact with the repaired rotational ROM in the neutral position. No statistical difference was seen when comparing repair types for stretched and repaired rotational ROM in either position.
DISCUSSION
Multidirectional glenohumeral instability is a complex and difficult problem to diagnose and treat. This dilemma may lie in the multifactorial nature of multidirectional instability and the fact that reduction of the entire capsular volume most commonly is attempted through a single surgical approach. Over tightening the capsule on one side may result in subluxation of the glenohumeral joint in the opposite direction, unmasking instability opposite the side of the capsulorrhaphy. Neer and Foster 29 considered the excessive redundancy of the inferior capsule to be the etiology of multidirectional instability. Therefore, the inferior capsular shift was designed to decrease the volume of the inferior capsule. However, investigators have studied various causes of multidirectional instability including bony and labral stabilization, muscular control, ligamentous stabilization, and biochemical abnormalities. 26 Basmajian and Bazant 3 thought that the superior capsule and supraspinatus were the primary restraints to inferior instability. Several studies support their conclusions. Cooper et al 10, 11 found that the superior capsule prevented inferior translation. Also Warner et al 40 found the superior glenohumeral ligament to be the primary restraint to inferior translation in the adducted shoulder; therefore, a positive sulcus sign at 08 abduction indicates laxity of the superior glenohumeral ligament. When the shoulder is abducted to 458 and greater, the anterior and posterior portions of the inferior glenohumeral ligament complex become the primary stabilizers to inferior translation. At 908 abduction, the posterior band of the inferior glenohumeral ligament was the primary restraint to inferior translation.
It has been documented that the inferior glenohumeral ligament complex is the primary stabilizer to anterior translation with 908 shoulder abduction, 5, 7, 8, 27 specifically the anterior band of the inferior glenohumeral ligament complex. 35 O'Brien et al 30 subdivided the inferior glenohumeral ligament complex into an anterior band, a posterior band, and an interposed axillary pouch.
Despite the knowledge gained concerning glenohumeral biomechanics from these and other studies no study dealt specifically with multidirectional instability, presumably because no good models existed. The current results indicate that inferior capsular shift and anterior capsulolabral reconstruction are effective in limiting anterior, posterior, and inferior translation. The inferior capsular shift limits inferior translation better than the anterior capsulolabral reconstruction; however, the rotator interval was closed during the inferior capsular shift as described by Neer and Foster 29 and this may have added to inferior stability. Also, inferior capsular shift significantly limited rotational ROM in the apprehension (908 abducted) position. The average loss of total glenohumeral rotation was 388 for the inferior capsular shift group, and 118 for the anterior capsulolabral reconstruction group (p < .05). After inferior capsular shift, three of the five shoulders were unable to reach the 908 external rotation position with the shoulder abducted 908. Although no clinical studies of surgical treatment for multidirectional instability with the inferior capsular shift cite loss of motion as an obvious complication, 12, 14, 22 several problems exist. Neer and Foster 29 did not specifically report rotational ROM; they considered a result satisfactory if motion was within 108 of full elevation and 408 rotation compared with the contralateral shoulder. Cooper and Brems 12 evaluated 38 patients with multidirectional instability for an average of 39 months after inferior capsular shift. Improvements were seen in 86% of patients, however, 15% thought their shoulders had deteriorated with time. Four patients (11%) had recurrent instability. They stated that the postoperative ROM 2003 was well maintained; however, because external rotation at 908 abduction was not recorded in all patients, it was not evaluated statistically. Hamada et al 14 reported on 34 shoulders at a mean followup of 8.3 years after inferior capsular shift. Satisfactory results were obtained in 88% of patients with a 14% recurrence of instability in nonvoluntary subluxators. However, a significant decrease in external rotation in the neutral position and internal rotation at 908 was found. The mean external rotation in neutral after inferior capsular shift was 658 compared with 808 for the contralateral shoulder. The ability to participate in sports involving overhead activities was not commented on. Unfortunately, the current study cannot make any clinical assumptions about glenohumeral translation and rotation after these two repair techniques. Postoperative rehabilitation and healing play a role in clinical outcome, and this study deals only with immediate, in vitro, postoperative data. However, our data suggest that a horizontal shift better maintains rotational ROM in apprehension when compared with vertical shift. This may be attributable to shortening of the capsule in a medial to lateral direction as a result of a vertical shift, whereas the horizontal shift is primarily a superior to inferior closure.
Critical assessment of postoperative motion and function are important. No studies on multidirectional instability address the thrower specifically, however, external rotation in abduction is important for these patients. In many throwers, shoulder ROM, especially external rotation in abduction, may be greater than average, and subtle losses of motion may adversely affect the ability to throw effectively after capsulorrhaphy. 6 , 25 Altchek et al 1 reported on 42 shoulders that had a T-plasty modification of the Bankart procedure for anterior and inferior multidirectional instability. Although 95% of shoulders were rated excellent, all three athletes were unable to obtain preoperative velocity of their throws. The average loss of external rotation in abduction was 48.
Another significant difference between the two procedures was the consistent posterior subluxation of the glenohumeral joint in the abducted position after the inferior capsular shift, an average of 6.3 mm was found in the current study. Harryman et al 15 observed posterior translation of the glenohumeral joint with passive external rotation, and anterior translation with flexion. The inferior capsular shift has not been associated with development of degenerative arthritis seen after procedures causing excessive anterior tightening and loss of external rotation such as the Magnuson-Stack or Putti-Platt. 17 However, it may be theorized that alteration in glenohumeral biomechanics, coupled with subtle loss of motion could be responsible for unacceptable results in throwing athletes.
More importantly the current study created a reproducible multidirectional instability cadaveric model. The anterior capsulolabral reconstruction did not appreciably alter glenohumeral biomechanics, and maintained total rotational ROM. The inferior capsular shift altered glenohumeral biomechanics, and resulted in a significantly decreased total rotational ROM compared with the anterior capsulolabral reconstruction. Despite this, both repair techniques significantly limited anterior, posterior, and inferior translation in the apprehension position when compared with the stretched condition.
Clinically, the inferior capsular shift has been the mainstay of surgical treatment for multidirectional instability unresponsive to nonoperative measures. Short-term results have been satisfactory, although they do not equal those for unidirectional instability. The current study elucidates the need for additional biomechanical and clinical studies comparing inferior capsular shift with anterior capsulolabral reconstruction for multidirectional instability. In patients with clinical dislocation in more than one direction, combined anterior and posterior procedures may be necessary, as shown by Neer and Foster. 29 The biomechanical effects of these procedures are unknown, but may be evaluated using this multidirectional instability model. Finally, special attention should be given to athletes participating in overhead and throwing activities with multidirectional instability, with additional clinical 
